A relevant aspect in osteoarthritic pain is neural sensitization. This phenomenon involves augmented responsiveness to painful stimulation and may entail a clinically worse prognosis. We used functional magnetic resonance imaging (fMRI) to study pain sensitization in patients with knee osteoarthritis. Sixty patients were recruited and pain sensitization was clinically defined on the basis of regional spreading of pain (spreading sensitization) and increased pain response to repeated stimulation (temporal summation). Functional magnetic resonance imaging testing involved assessing brain responses to both pressure and heat stimulation. Thirty-three patients (55%) showed regional pain spreading (simple sensitization) and 19 patients (32%) showed both regional spreading and temporal summation. Sensitized patients were more commonly women. Direct painful pressure stimulation of the joint (articular interline) robustly activated all of the neural elements typically involved in pain perception, but did not differentiate sensitized and nonsensitized patients. Painful pressure stimulation on the anterior tibial surface (sensitized site) evoked greater activation in sensitized patients in regions typically involved in pain and also beyond these regions, extending to the auditory, visual, and ventral sensorimotor cortices. Painful heat stimulation of the volar forearm did not discriminate the sensitization phenomenon. Results confirm the high prevalence of pain sensitization secondary to knee osteoarthritis. Relevantly, the sensitization phenomenon was associated with neural changes extending beyond strict pain-processing regions with enhancement of activity in general sensory, nonnociceptive brain areas. This effect is in contrast to the changes previously identified in primary pain sensitization in fibromyalgia patients presenting with a weakening of the general sensory integration.
Introduction
Patients with osteoarthritis (OA) of the knee typically experience pain from joint injury. However, their sensation of pain is often augmented as a consequence of neural sensitization occurring in nociceptors, spinal cord pathways, and the brain. 1, 5 Patients with pain sensitization can be identified on the basis of regional spreading of pain (spreading sensitization) and increased pain response to repeated stimulation (temporal summation). 4, 34 The sensitization phenomenon is of major clinical relevance, as pain tends to be more severe in sensitized patients, whereas conventional analgesics may be less effective. 14, 17, 30 Moreover, self-report and sensory measurements of pain sensitization have been shown to predict poorer long-term outcome after joint replacement. 7, 18, 24, 25 In recent years, pain sensitization has received increased attention both in clinical and research studies. 5, 16, 19, 23 However, the ultimate effects of pain sensitization on brain functioning are unknown. Such information may be relevant to the optimized treatment of patients with OA, particularly regarding the provision of therapeutic options that have a stronger neurobiological rationale and the brain as a potential target. Functional brain imaging has emerged as an optimal means to assess the response to painful stimulation and to characterize its multiple dimensions. 8, 22, 32 We used functional magnetic resonance imaging (fMRI) to study pain sensitization in a clinical sample of patients with knee OA. The presence and severity of pain sensitization was clinically defined using operational criteria. In addition, our imaging testing included direct pressure stimulation of the painful knee joint and pressure stimulation on a surrounding sensitized site. Finally, painful heat stimulation also was applied to the forearm to assess the degree of generalization of the sensitization phenomenon to other body areas and other pain modalities.
Materials and methods

Participants
Participants were recruited from a referral OA Unit at the Hospital del Mar, Barcelona. Inclusion to the study was consecutive in follow-up clinical visits during a period of 18 months. The current medical status of each case was revised (n 5 393) and those cases fulfilling the study's eligibility criteria were invited to participate (n 5 88). A final total of 60 patients provided written informed consent to participate.
Eligibility criteria included: (1) a clinical and radiological diagnosis of knee OA based on the criteria of the American College of Rheumatology 2 ; (2) current age greater than 44 years; (3) symptoms affecting at least one knee with a minimum duration of 3 months before screening; (4) a clinical pain intensity (index knee; 24 hours-average pain) ranging between 4 and 8 on an 11-point numerical rating scale (NRS) at screening or the need for the use of analgesics, or both.
Clinical evaluations
Clinical history and physical examination, electrocardiogram, X-ray of the knee, Brief Pain Inventory, 11 Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) physicalfunction scale, 10 PainDETECT questionnaire, 12 and the studyspecific pain assessment (see below).
Participant restrictions
Baseline pain was required to be stable for at least 72 hours and heavy exercise was not permitted for 12 hours before fMRI. Patients were required to refrain from analgesic and antiinflammatory drugs for 3 days and rescue medication (paracetamol 1 g/8 h maximum) for 1 day before fMRI. In addition, no patients were being treated with steroid (3 months) or hyaluronan (6 months) injections before inclusion, or were currently treated with antidepressants or anticonvulsants used in pain management (only selective serotonin reuptake inhibitors (SSRIs) were permitted in case of chronic use).
Twenty-four participants were recruited as a control group to provide information on the normal brain response to knee pressure stimulation in the absence of symptomatic knee OA. Control participants were either friends or family of patients with OA, or were recruited from local advertisements. Participants older than 44 years were included, none with any clinically relevant or noncompensated medical disorder, neurological/ psychiatric disease, psychiatric medication, or pain disorders. No control subject had received a diagnosis of knee OA and none acknowledged usual/relevant knee OA symptoms in a specific anamnesis at inclusion. However, according to subjective scoring (Table 1) Pain sensitization was clinically defined on the basis of evidence of regional spreading of pain (spreading sensitization) and increased pain response to repeated stimulation (temporal summation). 4, 17, 34 Patients were considered sensitized to some degree (simple sensitization) when showing clinical evidence of altered sensations spread beyond the knee joint by manual palpation and a minimum of 2 tender sites around the joint, defined by a pressure pain threshold of less than 4 kg/cm 2 tested in the extended version of the Arendt-Nielsen peripatellar map (see below). Patients were considered highly sensitized when showing 3 tender sites (instead of 2) and reporting an increase of at least 1 point on an 11-point pain scale after 10 repeated pressure stimulations on the tenderest point around the knee. Patients with knee OA with strong/severe pain showed 3 tender sites in the study by Arendt-Nielsen et al. 4 A custom-made (in house) MRI compatible algometer 15, 20 was used to identify tender sites. The probe (1 cm 2 ) was placed perpendicular to the selected anatomical sites and pressure was applied (0.3 kg/s) until the participant defined the pressure as pain Table 1 Clinical characteristics. (or exceeded 4 kg/cm 2 , when the site was considered a nontender point). Pain was assessed twice on each site of the extended version of the Arendt-Nielsen peripatellar map and the mean of 2 measurements was estimated. 4 The extended map ( Fig. 1 ) included 10 sites located in relation to bone landmarks from Arendt-Nielsen et al. 4 (sites 1-8) and Imamura et al. 17 (sites 9 and 10). Importantly, sites 3 (lateral interline), 7 (medial interline), and 8 (patella) were not considered in our assessment of spreading sensitization, as they form part of the joint.
Tenderness of the tibial site (site 10 in the map) was specifically evaluated in each participant and defined as painful intensity on an 11-point NRS to a pressure of 4 kg/cm 2 applied for 2 seconds. This site was selected as the region to be stimulated during fMRI sessions because it is a frequently sensitized site 17 located relatively distant to the knee joint (centered at the tibial bone surface, 5 cm distal to the knee interline). Thus, eventual enhancement of evoked brain activity may genuinely be related to the sensitization phenomenon.
Temporal summation to repeated pressure stimulation was evaluated on the most sensitive site. Sequential stimulation consisted of 10 pressure stimuli (1 seconds duration and 1 second interval) applied with the algometer at the pressure pain threshold level. 4 Patients rated their pain intensity in response to the first and last stimuli on an 11-point NRS.
Painful stimulation tests during functional magnetic resonance imaging
Test 1. Direct pressure stimulation on the articular interline
The test involved pressure stimulation on the medial articular interline at the tenderest point with the knee in the position of 60f lexion. A pulsed pressure of 2.5 kg/cm 2 was applied using our algometer in 11 blocks of 10 seconds including 5 pressure pulses per block with a pulse duration of 1 second and a stimulus interval of 1 second (Supplementary Figure 1 , available online at http:// links.lww.com/PAIN/A434). The intensity of 2.5 kg/cm 2 was selected as it consistently provoked moderate pain (5-7 points in an 11-point NRS) in patients with knee OA in our previous study. 15 
Test 2. Pressure stimulation on the anterior surface of the tibial region
This test involved pressure stimulation on the upper third of the anterior (medial) surface of the leg tibial region, 5 cm below the knee interline in the position of 60˚flexion. A pulsed pressure of 4 kg/cm 2 was applied in 11 blocks of 10 seconds including 5 pressure pulses per block. The intensity of 4 kg/cm 2 was selected as the conventional stimulus intensity used to assess primary sensitization disorders. 33 
Test 3. Painful heat stimulation on the forearm
This test was used to assess the extent to which pain sensitization in OA is a general phenomenon spreading to distant body areas and affecting other pain modalities as in primary forms of pain sensitization. 34 Contact heat stimuli applied on healthy forearm skin was carried out using 45˚C peaks, which are able to evoke mild-to-moderate pain in normal subjects. 6 The Contact HeatEvoked Potential Stimulator (CHEPS) system (Medoc Ltd., Advanced Medical Systems, Ramat Yishai, Isreal) was used. During fMRI, painful heat stimulation was applied with a 27-mm diameter thermode device on the right volar forearm in 11 blocks of 10 seconds including five 45˚C spikes per block. www.painjournalonline.com 1833 1.5 mm). Twenty-two interleaved slices, parallel to the anteriorposterior commissure line, were acquired to cover the whole brain. The first 4 (additional) images in each run were discarded to allow the magnetization to reach equilibrium. The 3 fMRI tests were equivalent in design: they each had a total duration of 6 min (180 brain volumes), which corresponded to 11 nonstimulation (baseline) blocks (20 seconds) alternating with 11 painful stimulation blocks (10 seconds). Each test concluded with a baseline block of 30 seconds, after which participants rated their overall subjective pain experienced.
Functional magnetic resonance imaging acquisition
Functional magnetic resonance imaging analysis
Image preprocessing
Imaging data were processed using MATLAB (The MathWorks Inc, Natick, MA) and Statistical Parametric Mapping (SPM) software (v8). Preprocessing involved conventional realignment procedures, spatial normalization, and smoothing using a Gaussian filter (full-width half-maximum, 8 mm). Data were normalized to the standard SPM-echo planar imaging template and resliced to 2-mm isotropic resolution in Montreal Neurological Institute (MNI) space. All image sequences were inspected for potential acquisition and normalization artifacts.
First-level (single-subject) analysis
The fMRI signal response at each voxel was modelled using study-specific regressors adjusted to the actual brain response to our pressure stimulation blocks with 4 seconds delay and 16 seconds activation duration for both the knee interline and tibial tests, as characterized in previous experiments of independent samples, 15, 20, 27 and 4 seconds delay and 10 seconds activation duration for the forearm heat stimulation test.
Control of potential head motion effects
Contrasts "painful.baseline" images were estimated including in the analysis 6 motion estimates as covariables. Within-subject, censoring-based MRI signal artifact removal (scrubbing) 26 was used to discard motion-affected volumes. For each subject, interframe motion measurements 28 served as an index of data quality to flag volumes of suspect quality across the run. At points with interframe motion .0.2 mm, that corresponding volume, the immediately preceding, and the succeeding 2 volumes were discarded. In addition, patients were excluded when showing evident head displacements (translations .2 mm, rotations .2˚) or residual motion artifacts in the first-level contrast image upon individual inspection (typically appearing in tissue boundaries, brain ventricles, and white matter).
Group analysis
Resulting first-level contrast images were carried forward to second-level random-effects (group) analyses in SPM. An ANOVA including all study groups was used to assess withingroup effects and between-group differences. In addition, brain activation maps were correlated voxel-wise with clinical measurements of pain sensitization in patiens with OA including the number of tender sites around the assessed knee, the tenderness in the tibial site (pain evoked by 2 seconds of tibial pressure stimulation) and the amount of temporal pain summation.
Results were considered significant with clusters of 2.1 mL (264 voxels) at a height threshold of P , 0.005, which satisfied the Figure 2 . Brain response to pressure stimulation on the knee articular interline (red filled circle in the Arendt-Nielsen map) in sensitized patients, nonsensitized patients, and control subjects. No significant differences were demonstrated between both patient groups. Activation in control subjects was mostly restricted to primary and second somatosensory cortices.
family-wise error rate correction of P FWE , 0.05 according to Monte Carlo simulations.
Results
Behavioral results
Thirty-three patients (55%) showed regional spreading of pain (simple sensitization) and 19 patients (32%) showed both regional spreading and temporal summation ( Table 1 and Supplementary Figure 2 , available online at http://links.lww. com/PAIN/A434). Notably, the proportion of females in the sensitized groups was higher than in the nonsensitized group (F/ M ratio, 1.1 for nonsensitized patients, 7.3 for patients showing simple sensitization [x 2 5 9.5; P 5 0.003] and 5.3 for the high sensitization subgroup [x 2 5 5.1; P 5 0.031]). Sensitized and nonsensitized patients with OA did not differ in terms of radiological severity (t 5 0.5; P 5 0.601), reported clinical pain severity in the affected knee at screening (t 5 1.9, P 5 0.07), and proportion of cases receiving SSRIs antidepressants (x 2 5 0.6; P 5 0.459).
Subjective pain ratings during functional magnetic resonance imaging tests
Overall, sensitized patients (n 5 33) reported significantly more subjective pain than nonsensitized patients (n 5 27) during both the interline fMRI test (t 5 2.3 and P 5 0.027) and the tibial fMRI test (t 5 3.0 and P 5 0.004). During painful heat stimulation on the volar forearm, the corresponding between-group differences were not statistically significant.
Functional magnetic resonance imaging results
Brain response to painful stimulation on the knee articular interline
Seventeen patients (and 6 control subjects) were excluded from the interline test analysis because of excessive head motion. The final sample included 20 sensitized patients (11 patients in the high sensitization subgroup) and 23 nonsensitized patients. Intermittent pressure of 2.5 kg/cm 2 on the joint interline in symptomatic patients with knee OA evoked a brain response involving all the basic elements typically involved in pain perception. Figure 1 illustrates fMRI results obtained in the whole patient sample. The response included a sensory component with activation of the primary and second somatosensory cortex, the posterior insula, and the thalamus. The motor system was subsequently implicated with activation in the primary motor area, premotor cortex, supplementary motor area, and basal ganglia. Activated areas concerning the paralimbic (emotional) system included the anterior insula and anterior cingulate cortex. The response also included activation in the prefrontal lobe. An identical stimulus in the control subject group evoked a brain response mostly limited to the somatosensory cortices (Figure 2, Supplementary Figure 3 and Supplementary Table 1 , available online at http://links.lww. com/PAIN/A434).
In the group comparison analysis, we found no significant differences in brain activation during interline testing between sensitized and nonsensitized patients (nonsensitized vs simple sensitization and nonsensitized vs the high sensitization subgroup). Figure 2 illustrates the (one sample) results in simple sensitization, nonsensitized patients, and control subjects. In the Figure 3 . Brain response to pressure stimulation on the anterior tibial surface (red filled circle in the Arendt-Nielsen map). Sensitized patients showed an extensive activation, whereas significant changes in nonsensitized patients involved pain-processing core areas and activation in control subjects was limited to the primary and second somatosensory areas. www.painjournalonline.com 1835 correlation analyses, we did not observe any association between clinical sensitization measurements and brain activation.
Brain response to painful stimulation on the anterior tibial surface
Nineteen patients (and 2 control subjects) were excluded from the tibia test analysis because of excessive head motion. The final sample included 21 sensitized patients (10 patients in the high sensitization subgroup) and 20 nonsensitized patients. Intermittent pressure of 4 kg/cm 2 on the anterior tibial surface in patients with OA also activated major elements typically involved in pain perception (Supplementary Table 2 , available online at http://links.lww.com/PAIN/A434). However, activations were less robust and less extensive in nonsensitized patients and limited to the sensory cortices in control subjects (Figure 3 and Supplementary Figure 4 , available online at http://links.lww.com/ PAIN/A434). Compared with nonsensitized patients, the sensitized groups (both simple sensitization and high sensitization) showed greater activation in discrete pain-processing regions including the somatosensory cortices, supramarginal gyrus, and insula. However, significant differences were also observed in the ventral aspect of the sensorimotor cortex and visual and auditory areas (Supplementary Figure 5, Supplementary Figure 6 and Supplementary Table 3 , available online at http://links.lww.com/ PAIN/A434).
Across the whole patient sample, brain activation during tibial pressure stimulation correlated significantly with clinical measurements of pain sensitization. The number of tender sites showed the most robust correlation pattern, involving a large part of the somatosensory strip extending to motor and parietal areas, the posterior insula and the supramarginal and angular gyri, the visual cortex and lateral temporal cortex, with right-hemisphere predominance, and the ventral striatum bilaterally (Fig. 4, Supplementary Table 3 , available online at http://links.lww.com/PAIN/A434). Thus, this correlation implicated part of the regions typically involved in pain perception, but was not limited to core areas. The correlation with pain intensity evoked with pressure on the tibial region showed a similar, albeit less extensive, anatomical pattern. Temporal summation measurements showed no significant correlation with brain activation.
As the proportion of females in the sensitized groups was higher than in the nonsensitized group, the analyses comparing patient groups and the correlations with clinical measurements of pain sensitization were also performed adjusted for sex, and additionally for age. We found a similar pattern of results after the adjustment (Supplementary Table 3 , available online at http:// links.lww.com/PAIN/A434).
Lastly, an analysis also was conducted adjusted for subjective pain scores reported by patients during the tibial pressure test (Supplementary Figure 7 and Supplementary Table 4 , available online at http://links.lww.com/PAIN/A434). Interestingly, a notable part of the sensitization effect remained significant. These results further indicate that sensitized and nonsensitized patients differ not only in activation threshold, but also in the nature of brain activation extending to the general sensory system.
Painful heat stimulation test (contact heat-evoked potential stimulator)
Nineteen patients (and 5 control subjects) were excluded from the CHEPS test analysis because of excessive head motion and 4 additional patients because of technical problems with CHEPS. The final sample included 18 sensitized patients (11 patients in the high sensitization subgroup) and 19 nonsensitized patients. Heat stimulation on the volar forearm evoked a pattern of brain activation mostly involving bilateral frontoparietal opercula (extending to the supramarginal gyri), insula, and basal ganglia. Activations were also identified in the medial frontal cortex and premotor cortex (Supplementary Table 5 , Supplementary Figure 8 , available online at http://links.lww.com/PAIN/A434). We did not find significant differences between sensitized and nonsensitized patients, and between patients and control subjects. Similarly, the correlation mapping analyses did not produce significant findings.
Discussion
Thirty-three patients (55%) in our sample showed regional spreading of pain (simple sensitization), whereas 19 patients (32%) showed both regional spreading and temporal summation. The clinical data therefore further indicates that pain sensitization is a common phenomenon in symptomatic OA of the knee. Our imaging results illustrate the extent to which local pressure on the painful knee evokes a multidimensional neural response implicating sensory, emotional, and cognitive-evaluative brain systems. In addition and importantly, fMRI has shown that pressure on a sensitized, tender site (tibial region) away from the joint itself activates regions typically involved in pain perception and extends beyond these regions to ventral sensorimotor, auditory, and visual cortices.
Pain sensitization has a relevant spinal cord component that appears to amplify afferent activity generated in nerve terminals. The ultimate result is a net increase in the nociceptive inflow to the brain. 34 One consequence of spinal cord sensitization may therefore be the primary augmentation of neural activity in painrelated brain areas. We have identified higher activation in painrelated brain areas in sensitized patients compared with the nonsensitized group, consistent with the effect of spinal cord sensitization. Nevertheless, the brain response to pressure on the tender site also showed a qualitative alteration, as it extended to other sensory domains (ie, visual and auditory) and to the sensorimotor cortex distant to the leg cortical representation. The sensitization response was mostly evident in the form of activation surrounding the pain-related core sensory areas (ie, primary and second somatosensory areas). In other words, the pattern suggests a spreading of brain activity to nearby general sensory (and primary motor) domains.
Differences between sensitized and nonsensitized patients in brain response to pressure stimulation were significant only for the tibial test, whereas the interline test was unable to capture the sensitization phenomenon. Thus, the identified brain alterations seem to more closely express changes associated with spreading sensitization. Interestingly, the sensitization effect on sensory areas remained significant to a large extent after adjusting for subjective pain scores, which suggests that some differences in brain activation are not a mere expression of a lower pain threshold in sensitized patients.
The anatomy of the cortical alteration identified in patients with sensitized knee OA partly overlaps the anatomy of spontaneous functional connectivity alterations identified in fibromyalgia, which is considered a primary form of pain sensitization. In our previous study, 29 spontaneous pain in fibromyalgia patients was associated with reduced connectivity between second somatosensory cortex and primary somatosensory, visual, and auditory cortices. Therefore, on the basis of fMRI results, primary sensitization in fibromyalgia and sensitization secondary to OA appear to overlap in terms of implicating sensory alterations beyond the traditional nociceptive system.
The nature of such alterations may nevertheless be opposing between these conditions -with weakening of spontaneous sensory integration in fibromyalgia, 29, 21 and excessive recruitment of sensory areas during painful stimulation in OA. Future studies will be needed to clarify the direct similarities and differences between them.
Sensitized patients were more commonly women in our study. This result is consistent with the higher prevalence of fibromyalgia in women 13 and with other evidence indicating greater sensitivity to experimental pain in women with knee OA compared with men. 3, 9 Although women are at substantially higher risk of many clinical pain conditions, a compelling mechanistic understanding of this relationship is lacking. 13 More research into this issue is clearly needed, and may ultimately contribute to a better understanding of the pain sensitization phenomenon itself.
Our results should be distinguished from brain alterations predicting transitions to chronic pain. Neural changes associated with pain sensitization in our study mostly concerned posterior sensory areas and adjacent motor cortex. Whereas the transition to chronic pain is generally associated with changes in anterior corticolimbic brain regions related to reward and motivated behavior. 8 Moreover, clinical evidence of pain sensitization seems that is not a good predictor of pain chronification. 31 However, it is interesting that we observed a significant association between the number of tender sites reported and activation in a part of the ventral striatum, which is central to reward and motivation.
A limitation when assessing elderly participants with pain experimentation during fMRI is the risk of excessive head motion that may introduce imaging artifacts. In our case, this led to quite a number of patients being excluded from our final samples, although we prefer to adopt a conservative approach to head motion artifact correction. This issue is a general limitation of fMRI that may challenge its application for single-subject evaluations. It is also relevant to comment that heat stimulation on the forearm was applied using a stimulus temperature of 45˚C that generated only mild pain (around the threshold generating pain sensations). We acknowledge that the test was not optimal to fully characterize brain responses to heat stimulation. However, we considered that it was adequate for detecting pain sensitization to this stimulus modality, as the sensitization phenomenon is expected to lower pain thresholds.
In summary, there is a current need to better understand pain sensitization phenomenon to more optimally understand and treat affected individuals. Our study provides a novel characterization of the brain response to sensitized pain in patients with knee OA. Its results indeed confirm that sensitized patients demonstrate an abnormally enhanced response to a gentle stimulation in regions typically involved in pain perception. However, nociceptive processing also appears to be distinctly altered in patients with OA in the form of a regional spreading of evoked brain activity to general sensory, nonnociceptive areas.
